INTRODUCTION
The World Health Organization estimates that 123 million people live in areas of Africa, central and South America, Sudan, and Yemen where onchocerciasis (river blindness) is endemic and that 17.7 million people are infected with Onchocerca volvulus, the parasitic helminth that causes this disease (82) . Of these, approximately 270,000 are blind and 500,000 have severe visual impairment (82) . These numbers may be underestimates, since routine surveys of onchocercal morbidity do not assess visual-field constriction (1, 51) . In an effort to combat river blindness, the World Health Organization launched the Onchocerciasis Control Program (OCP) in 1974. The OCP had a mandate to eliminate onchocerciasis as a public health problem in seven countries in West Africa by applying larvicide to blackfly breeding sites. In the 1980s, ivermectin (Mectizan) was shown to be highly effective at reducing the larval burden without causing the side effects induced by diethylcarbamazine (Hetrazan), and in 1987 ivermectin was introduced as part of the program (82) . The success of this approach led to expansion of the OCP to 11 countries, and by 1994 the OCP had reduced the risk of disease for 30 million people (48, 82) .
When the OCP officially ends in 2002, there will remain an estimated 15 million infected individuals outside the OCP area (62) . In 1995, the World Bank established a community-based program, termed the African Program for Onchocerciasis Control, to distribute ivermectin (62) . This drug has been and will continue to be donated by Merck & Co., Inc., as part of the Mectizan Donation Program.
To date, ivermectin resistance has been reported only in nematodes that cause veterinary disease (4, 29, 30, 83) . However, since this is the only approved drug for onchocerciasis, development of resistance in humans would have a severe impact on public health. Alternate strategies for the control of onchocerciasis as a public health problem include vaccine development, based on understanding of the immune processes involved in parasite clearance, and antipathology approaches based on understanding the mechanism of disease pathogenesis.
PATHOGENESIS OF ONCHOCERCIASIS
Simulium blackflies are the obligate intermediate hosts of O. volvulus. The flies breed in fast-flowing rivers, and infectivestage larvae (L3) are released from infected blackflies during a blood meal. L3 larvae undergo two molts to become adult worms, which can be detected in subcutaneous collagenous nodules. Females release approximately 1,000 microfilariae (L1) per day over a 9-to 14- year period (67, 82) , and the cycle is continued after uptake by blackflies during a blood meal.
The severity of ocular pathology in distinct regions of West Africa is due in part to infection with different strains of the parasite. Ocular manifestations are more prevalent in the savanna regions of West Africa, whereas blindness is rare in persons infected in the rain forest regions (13, 14) . The difference in strains was illustrated after subconjunctival injection of forest and savanna strains into rabbits. In these studies, Duke and coworkers found that microfilariae of the savanna strain induce a more severe inflammatory response in the cornea than do those of the rain forest strain (18, 27) . Subsequent studies led to the identification of DNA sequences specific for the two strains of the parasite (22, 23) , and classification of these strains based on sequence correlated well with pathologic manifestations (85) . While initial studies suggested that certain species of the blackfly vector transmitted distinct parasite strains, delineation of zones containing these strains has become more difficult as rain forest has been cleared in many parts of West Africa. Transition zones have been shown to contain both strains and/or hybrids (74) .
With the exception of nodule formation around the adult worms, most infected individuals manifest no disease symptoms. The standard diagnostic test for onchocerciasis is the skin snip, performed by placing a small piece of skin in a drop of saline or culture medium. After incubation, microscopic examination reveals microfilariae emerging from the tissue. Despite the presence of a heavy worm burden, the skin of most infected individuals appears normal, and histological examination shows parasites in the dermis with no inflammatory response. Although the exact mode of penetration from the skin into the eye is not known, studies by Duke and Garner demonstrated that microfilariae can migrate from the conjunctiva into the cornea (18, 19) . Both dermal and ocular manifestations are thought to occur when the parasites die and initiate an inflammatory response. It is the host response to the parasites, rather than direct cytotoxic molecules released from the parasite, that is generally thought to be responsible for disease. This notion is supported by studies in which individuals treated with the anthelminthic diethylcarbamazine develop severe pruritus, presumably as a result of rapid death of microfilariae in the skin (52) .
Ocular pathology can be manifested in any part of the eye, although disease manifestations are frequently characterized either as posterior or anterior eye disease. In patients with posterior ocular onchocerciasis, there is atrophy of the retinal pigment epithelium, which later becomes more widespread (1) . Advanced lesions involve subretinal fibrosis. Induction of posterior disease is thought to involve autoimmune responses, and cross-reactive proteins have been described (10, 46, 68, 79, 80) . More direct evidence for a role for cross-reactive immune responses in posterior-segment ocular onchocerciasis was shown by McKechnie et al., who immunized rats with a 39-kDa. O. volvulus protein found to be cross-reactive with a 44-kDa human retinal protein. These animals developed several pathological changes in the posterior segment of the eye, including up-regulation of major histocompatibility complex class II and CD68 (47) . Although cross-reactivity with this protein was also observed in human corneas (46) , there is no direct evidence of a role for autoimmunity in anterior disease.
In anterior disease, motile worms in the cornea or anterior chamber of the eye can be detected by slit lamp examination after the microfilariae migrate into ocular tissue. When the parasites die, either by natural attrition or after chemotherapy, a local inflammatory response is initiated and causes the formation of discrete areas of corneal opacification (punctuate keratitis). As a result of continued exposure to the parasite or heavy infection, opacities develop at the peripheral stroma, leaving the central area clear and often containing many parasites. Opacification progresses centrally, along with deep vascularization that obscures the entire cornea, causing a complete loss of vision ( Fig. 1) (1, 57) . Sclerosing keratitis ultimately develops, leading to irreversible blindness.
IMMUNOLOGICAL PARAMETERS ASSOCIATED WITH CORNEAL DISEASE
Given the obvious difficulty of obtaining ocular tissue from infected individuals, at least three alternative approaches have been taken to characterize the immunological parameters underlying the pathogenesis of this disease. These include (i) examination of peripheral blood responses, in which parasitespecific T-cell and antibody responses are correlated with disease manifestations; (ii) direct examination of adjacent conjunctival tissue; and (iii) use of animal models of ocular onchocerciasis. Most of these studies have focused on the role of T-cell-associated cytokines.
Cellular Responses in Peripheral Blood of Infected Individuals
Clinical manifestations of onchocerciasis range from generalized microfiladermia and no clinical symptoms to severe lo-calized infection (sowda) and few dermal microfilariae (reviewed by Ottesen [52] ). Peripheral blood mononuclear cells from patients with generalized microfiladermia and no clinical symptoms have a suppressed proliferative response to parasite antigens (25, 33, 52) . These individuals also produce cytokines associated with a T helper type 2 response compared with individuals exposed for a short time (45) . Consistent with this finding, Limaye et al. found elevated interleukin-5 (IL-5) levels in serum of patients treated with diethylcarbamazine, which rapidly kills microfilariae and induces eosinophilia (43) . However, putatively immune individuals, who are resident in areas of highly endemic infection but have no indication of infection, also have elevated IL-2 and gamma interferon (IFN-␥) responses (15, 20, 21, 70, 81) .
In relation to disease manifestations, Freedman's group compared peripheral blood leukocyte responses from individuals with and without ocular manifestations (61) . They reported that in vitro stimulation with parasite antigens of cells from individuals with ocular onchocerciasis produced more IL-4, IL-5, and IL-10 than did stimulation of cells from infected individuals with no ocular disease. These observations imply that ocular pathology is associated with elevated Th2 responses ( Fig. 2 ) (61).
Cellular Responses in Conjunctival Tissue from
Onchocerciasis Patients Conjunctival specimens from infected individuals provide evidence of chronic cellular inflammation and activation of resident cell populations, as indicated by elevated levels of major histocompatibility complex class II molecules and IL-2 receptor expression (9) . CD4 ϩ cells were numerous and IL-4 gene expression was elevated in conjunctival biopsy specimens, indicating that a Th2 response is manifested locally as well as systemically in individuals with ocular disease (8) .
Experimental Animal Models
Although O. volvulus infects chimpanzees, gorillas, and cynomolgus monkeys, there is no animal model of natural infection with O. volvulus that results in ocular disease (32, 78a) . Experimental animal models have therefore been developed that reproduce many of the clinical manifestations observed in human disease (recently reviewed in reference 54) ( Fig. 3 ). These animal models have proven to be extremely useful in understanding the immunopathogenesis of onchocercal keratitis, especially in relation to inflammatory cell recruitment to the cornea.
Several studies have independently demonstrated a requirement for antigen-specific T cells in the development of onchocercal keratitis. Donnelly et al. showed that guinea pigs develop ocular disease characterized by limbitis, corneal inflammation, and peripheral corneal neovascularization after intracorneal inoculation of the cattle parasite O. lienalis (16, 17) . These workers clearly demonstrated that the inflammatory response and the severity of keratitis is greatly exacerbated if the animals are sensitized prior to ocular challenge, thereby implying a role for specific immunity. They also noted that diethylcarbamazine-induced killing of the parasites results in an exacerbated inflammatory response, which is consistent with the notion that the pathology associated with keratitis is due to a host immune-system-mediated inflammatory response.
Gallin et al. showed that clinical manifestations similar to onchocercal keratitis can be induced in guinea pigs by direct injection of soluble O. volvulus antigens into the corneal stroma, but only if the animals have been previously sensitized (26) which prior immunization with O. volvulus antigens is essential for maximal severity of disease (7) . These workers also demonstrated directly the presence of CD4 ϩ cells but not CD8 ϩ cells in the corneal stroma of these animals (5) .
Data from our laboratory also showed that prior immunization is necessary for the induction of pathology in BALB/c mice (59) . In addition, our studies demonstrated that T cells are required for the development of keratitis, since athymic mice that were immunized and challenged intrastromally with O. volvulus antigen did not develop keratitis (59) . Furthermore, adoptive transfer of spleen cells from immunized but not from naive mice reconstituted the development of keratitis in these animals after intrastromal challenge. Although these studies did not identify specific subpopulations of cells, mRNA for CD4 and CD8 cells was detected in recipient corneas.
As observed during human infections, mice develop a predominant Th2 response to repeated exposure to O. volvulus antigen; O. volvulus-stimulated lymph node and spleen cells from immunized mice produce IL-4 and IL-5 and little IFN-␥ (59) . This response is also manifested locally, since mRNA for IL-4 and IL-5 is up-regulated in the corneas of immunized mice upon intrastromal challenge (6, 58, 59) . Subsequent studies have investigated the effect of cytokine modulation on the development of keratitis. These data indicate that the severity of keratitis is regulated by these cytokines and that the regu-lation is associated with infiltration of inflammatory cells, notably eosinophils, into the cornea. The association between disease severity and presence of a Th2 response suggested that modulation of the Th2 response would reduce the severity of keratitis. Therefore two approaches were taken: (i) ablation of the Th2 development by using IL-4 gene knockout (IL-4 Ϫ/Ϫ ) mice, and (ii) induction of a Th1 response by using recombinant IL-12.
IL-4 Ϫ/Ϫ mice do not develop severe keratitis compared with wild-type animals (59) . Surprisingly, although they lack IL-4, these mice continue to produce Th2 cytokines, since antigenspecific splenocytes from these animals produced similar levels of IL-5 to those from wild-type animals and IL-5, IL-10, and IL-13 gene expression in corneas was unchanged (58) (Fig. 4) . Since significantly fewer inflammatory cells, including eosinophils, were observed in the cornea (Fig. 5 ), the diminished keratitis in IL-4 Ϫ/Ϫ mice indicates that the regulatory effect of IL-4 is at the level of cell recruitment to the cornea.
Studies with recombinant IL-12 also provide evidence for a relationship between severity of disease and inflammatory cell recruitment to the cornea. IL-12 is a monokine with pleiotropic effects, including the ability to induce a Th1-like response via induction of IFN-␥ secretion by T cells and NK cells (11, 28, 40) . Administration of recombinant IL-12 during initial sensitization to O. volvulus antigen skewed the in vitro cytokine response from a Th2-like profile to a Th1-like profile (60) . Gene expression in the corneas of IL-12-treated mice reflected this modulation, with increased expression of IFN-␥ and decreased expression of IL-4, IL-5, IL-10, and IL-13. Despite this shift, systemic administration of IL-12 resulted in exacerbated corneal pathology, with increased infiltration of inflammatory cells, notably eosinophils, into the corneal stroma. Therefore, as with IL-4 Ϫ/Ϫ mice, the effect of IL-12 modulation on the severity of onchocercal keratitis appears to be at the level of cell recruitment.
Eosinophils are the predominant inflammatory cells in the cornea after injection of soluble parasite antigens into the corneal stroma, and several lines of evidence implicate eosinophils in pathogenesis. The severity of keratitis observed in the experiments cited above correlated with the number of eosinophils in the cornea; i.e., IL-4 Ϫ/Ϫ mice developed less severe keratitis than did control animals, and significantly fewer eosinophils were present in the corneas of IL-4 Ϫ/Ϫ mice (58, 59) . Conversely, systemic administration of recombinant IL-12 resulted in exacerbated keratitis, which was associated with increased numbers of eosinophils in the cornea (60) .
Eosinophils can damage host cells by release of cytotoxic mediators including membrane lipids and granule proteins such as major basic protein (MBP), eosinophil cationic protein, and eosinophil peroxidase (31) . Eosinophils have been detected in the corneas of individuals with ocular onchocerciasis (53) , and extracellular MBP has been observed in adjacent conjunctival tissue of infected individuals (8) . In vitro studies have demonstrated that MBP also has a direct cytotoxic effect on cultured human corneal epithelial cells (75) and inhibits corneal wound healing (76) .
Although eosinophils are strongly associated with the development of keratitis, recent studies indicate that neutrophils can also mediate onchocercal keratitis. Temporal analysis of the cellular response to O. volvulus antigens indicated that although eosinophils were the most prominent inflammatory cells at the time of maximal keratitis, there was also an infiltrate of neutrophils that peaked at an earlier time point ( Fig.  6) (56) . Mice deficient in IL-5 (which is essential for the de-velopment and maturation of eosinophils) still developed corneal opacification comparable in severity to that in immunocompetent mice. While the clinical responses in these strains of mice are equivalent, temporal analysis revealed that histologically, the nature of the cellular infiltrate is distinct. The early inflammatory response in the cornea is similar in both strains of mice, where neutrophils are the predominant cell type recruited. However, whereas the neutrophils are replaced by an influx of eosinophils in the corneas of immunocompetent mice, eosinophils are rarely detected and the number of neutrophils remains elevated in the corneas of IL-5 Ϫ/Ϫ mice. These data indicate that in the absence of eosinophils, neutrophils are clearly associated with clinical pathology induced by O. volvulus antigens. These studies demonstrate that neutrophils, together with T cells and eosinophils, contribute to the development of onchocercal keratitis.
The biphasic infiltration of neutrophils and eosinophils in response to O. volvulus antigen indicates that recruitment of cells from the vasculature to the corneal stroma is critical in the development of disease. The process of extravasation involves a complex series of events in which inflammatory cells form an initial low-avidity, selectin-mediated interaction with vascular endothelial cells, resulting in "rolling" along the endothelial cell layer. Upon further activation, higher-affinity integrin-mediated binding is initiated and cells migrate through the endothelial-cell barrier and into the tissue following a chemotactic gradient (42) .
Chemokines are a family of chemotactic cytokines that have selective activities for cells based on the expression of receptors (2) . Recent studies have explored the role of chemokines in other models of corneal inflammation. Neutrophils are prominent after infection with Pseudomonas aeruginosa and herpes simplex virus type 1 (HSV-1). Development of Pseudomonas keratitis has recently been shown to be associated with elevated gene expression of multiple chemokines, including eotaxin, IP-10, MCP-1, MIP-1␣, MIP-1␤, MIP-2, and RAN-TES (39) . In herpes simplex keratitis, at least two chemokines are critical in neutrophil migration, since expression of MIP-2 and MIP-1␣ closely correlates with increased numbers of neutrophils into the cornea (78) . Furthermore, in mice that are deficient in MIP-1␣, infiltration of CD4 ϩ cells is abrogated and recruitment of neutrophils is reduced by Ͼ80% in response to HSV-1 infection (77) . Opacification is also significantly reduced in these animals compared to controls, consistent with the role of neutrophils in this disease. MIP-2 depletion also resulted in significant reduction in neutrophil migration to the cornea in HSV-1-infected mice (84) .
Two sets of studies support the notion that chemokines are also involved in the pathogenesis of onchocercal keratitis. First, gene expression of chemokines with activity for eosinophils and mononuclear cells is up-regulated in IL-12-treated mice, consistent with increased cell recruitment and the development of exacerbated keratitis (60) . Second, significantly fewer eosinophils are present in the corneas of eotaxin gene knockout mice than in the corneas of wild-type mice after intrastromal injection of parasite antigens (Fig. 7) (63) . These data indicate that eotaxin contributes to recruitment of eosinophils into the cornea in response to parasite antigens. The role of eotaxin is especially interesting since, unlike other chemokines with activity for eosinophils, eotaxin appears to activate cells exclusively through a single receptor (CCR3), which to date has been identified only on eosinophils and subsets of T helper cells with a type 2 phenotype (64, 65) . Since the tools for investigating the role of various chemokines have only recently become available, studies to date have focused on the FIG. 6. Neutrophils infiltrate the cornea before eosinophils do. C57BL/6 mice were sacrificed at the indicated times after intrastromal injection, eyes were immersed in formalin, and adjacent 5-m paraffin sections were immunostained with antisera to eosinophil MBP or with anti-neutrophil MAb 7/4. Reprinted from reference 56 with permission of the publisher. factors mentioned above. Other chemokines mediating eosinophil and neutrophil recruitment to the cornea in onchocercal keratitis have yet to be identified.
Recruitment of specific cell types also suggests that there is selective expression of adhesion molecules mediating attachment to the vascular endothelium and facilitating transmigration into the tissue in response to a chemotactic gradient. In herpes simplex keratitis, neutrophil migration is dependent on elevated expression of the integrin receptor platelet endothelial cell adhesion molecule 1 (PECAM-1) on vascular endothelial cells; this expression is tightly regulated by IFN-␥ (73) . Temporal recruitment of neutrophils and eosinophils into the cornea in O. volvulus models suggests that there is also selective expression of adhesion molecules in onchocercal keratitis. Vascular cell adhesion molecule 1 (VCAM-1) is important in eosinophil recruitment and is up-regulated by IL-4 (49, 50, 66) . Differential expression of PECAM-1 and VCAM-1 may also contribute to temporal recruitment of neutrophils and eosin-ophils to the cornea in onchocercal keratitis, especially as IL-4 is important in the development of corneal pathology.
CONCLUSION
Collectively, the data obtained from experimental models, together with the information available from infected individuals, suggest a sequence of events leading to the development of onchocercal keratitis (Fig. 8) . Sensitization by chronic exposure to parasite antigens leads to the development of a systemic Th2 response, including IL-4, which stimulates B-cell production of antibodies, and IL-5, which stimulates eosinophil production and activation. The effector stage is initiated after the release of parasite antigens into the cornea (either from live worms entering and dying or after injection of soluble O. volvulus antigens). This triggers a cascade of events resulting in secretion of chemokines such as eotaxin and RANTES and in elevated expression of adhesion molecules on vascular endothelial cells. These factors induce circulating neutrophils and eosinophils to adhere to limbal vessels and to migrate into the corneal stroma via a chemokine gradient. In addition to stimulating B-cell activation, IL-4 enhances the recruitment of eosinophils, possibly by up-regulating VCAM-1 expression. IL-12, although modulating the Th response to O. volvulus antigens, also elevates chemokine expression and stimulates inflammatory cell recruitment to the cornea. Upon contact with parasite antigens in the cornea, surface-bound immunoglobulin molecules are cross-linked, signaling these inflammatory cells to degranulate. The cytotoxic effect of eosinophil and neutrophil granule proteins disrupts the normal function of resident cells that are critical for maintaining corneal clarity, resulting in corneal opacification.
Factors that lead to corneal neovascularization and to fibrosis are less clear. Also, the roles of T cells and neutrophils as effector and regulatory cells within the corneal stroma will be areas for further investigation.
In addition to inflammatory cell recruitment, chemokines have other immunoregulatory properties. Not only can cytokines regulate chemokine synthesis, but also there is evidence that chemokines can effect T-cell differentiation, thereby reg- ulating T helper cell cytokine production. For example, when naive T cells purified from T-cell-receptor transgenic mice are cultured in the presence of MCP-1, they are induced to secrete IL-4 (38) . Conversely, when cultured in the presence of antigen and MIP-1␣, T cells are induced to secrete IFN-␥. These data indicate that chemokines play a role in the induction of Th responses. In addition, studies with human Th1 and Th2 cell lines have demonstrated selective expression of chemokine receptors, indicating that chemokines can regulate differential recruitment of functional T-cell subsets (44, 64, 65) . Furthermore, C-X-C chemokines that target neutrophils and have the N-terminal ELR motif (Glu-Leu-Arg) have been shown to promote angiogenesis (71) . This attribute may be of particular interest in onchocercal keratitis, since corneal neovascularization is a prominent feature in clinical disease. Although there is no direct evidence for production of angiogenic factors by the parasites themselves, there are numerous vessels in the onchocercoma where adult worms reside (69) .
Another mechanism that can regulate inflammatory-cell recruitment is programmed cell death, or apoptosis, notably via the Fas/Fas ligand apoptotic pathway. Fas ligand is expressed on ocular tissue (34) , including the cornea, and is critical in corneal allografts by inducing apoptosis in Fas ϩ inflammatory cells infiltrating into the cornea (72) . A role for this pathway has also been shown in herpes simplex keratitis. Injection of HSV-1 into the anterior chamber of mice deficient in Fas ligand leads to an exacerbated inflammatory response compared to that in immunocompetent mice (34) . The fate of neutrophils in immunocompetent mice in experimental onchocerciasis has yet to be explained. Further studies directed at immunological intervention should include induction of apoptosis and interference with the interactions that mediate inflammatory-cell recruitment to the cornea.
Observations that a minority of individuals in areas of endemic infection have no sign of infection provides circumstantial evidence for naturally acquired resistance (20, 21, 81) . Given these findings, a number of studies have examined the immune responses underlying acquired resistance to infectivestage larvae and microfilariae. In a model in which resistance to infective-stage larvae (L3) is induced by immunization with irradiated parasites, protection is dependent on IL-4 and IL-5, and eosinophils are associated with degenerating parasites (41) . An essential role for IL-4 in the protective response to L3 larvae was further supported by a recent study with IL-4 Ϫ/Ϫ mice (37) . Similarly, acquired resistance to O. lienalis microfilariae is IL-5 and eosinophil dependent (24) . Interestingly, IL-4 is not required for the development of resistance to the microfilarial stage, since IL-4 Ϫ/Ϫ mice continue to produce IL-5, and resistance in these animals remains IL-5 dependent (35, 36) .
Bianco and coworkers suggest that induction of resistance, but not immunopathology, may depend on being able to stimulate IL-5 without stimulating IL-4 (36) . Taken together with observations that some regions of individual O. volvulus proteins, such as protein disulfide isomerase, are more likely to induce keratitis than others (55), further directions aimed at vaccine development without pathogenesis may require manipulation of both the host immune response and parasite proteins.
In conclusion, onchocerciasis continues to be an important public health problem. An increased understanding of the immune systems mechanisms underlying pathogenesis and acquired resistance may lead to further strategies for disease prevention.
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